ABSTRACT: Meganyctiphanes norvegica (M. Sars 1856), the northern krill, is the largest and most abundant euphausiid species in the northern hemisphere, where it represents a key component of many pelagic communities. Although planktonic, krill could be considered a nektonic organism, as it is capable of active movements. This behaviour may be adaptive, because it allows these organisms to maintain their geographic position, leading to stable population structure, despite being continuously exposed to the heterogeneous oceanic conditions. By means of single-strand conformation polymorphism and DNA sequencing, we analyzed allelic variation of the Subunit 1 of NADH dehydrogenase mtDNA locus in 23 populations of the northern krill Meganyctiphanes norvegica, from 15 locations spanning the distribution range of the species. Analysis of the data indicated that the genetic structure, as revealed by analysis of population samples collected at the same site in consecutive years, was stable during that sampling period. Our results revealed the existence of 4 genetically and geographically distinct gene pools of M. norvegica, 2 occurring in the NE Atlantic ('northern' NE Atlantic and 'southern' NE Atlantic), 1 in the NW Atlantic, and 1 in the Mediterranean (Ligurian) Sea.
INTRODUCTION
Meganyctiphanes norvegica (M. Sars 1856), the northern krill, is the largest and probably the most abundant euphausiid species in the northern hemisphere, where it represents a key component of many pelagic communities. M. norvegica has a wide distribution in the North Atlantic between 30 and 80°N; from Canada to the Arctic to the western Mediterranean. The distribution encompasses water masses and oceanographic conditions as varied as open oceans, marginal seas and fjords. The species seems constrained to water temperatures which range between 2 and 15°C (Lindley 1982) , but there are exceptions, generally for trophic reasons (Siegel 2000) . For instance, when nutrition is a limiting factor (Saborowski et al. 2002) , krill are apparently able to choose highly productive water masses with sub-optimal temperature conditions (Taki et al. 1993) . Thus, although considered planktonic, krill are at the boundary with nektonic organisms, those capable of active movements.
Krill of all sizes can potentially be carried away by ocean currents, but only larval and juvenile organisms can be easily transported. Older and larger individuals can achieve swimming speeds similar to average current speeds (see e.g. Kils 1982 for Euphausia superba). Thus, Meganyctiphanes norvegica has a certain capacity to determine its distribution on small horizontal (geographic) scales or vertically in the water col-umn. In fact, M. norvegica is a strong vertical migrator and shows a consistent pattern of segregation during upward vertical movement at night time (Tarling et al. 1999) . Night time segregation does not appear to be a passive process (Worthington 1931 , Hardy & Gunther 1935 , Mauchline 1980 , Kils 1982 , but rather an active behaviour resulting from differential swimming or sinking rates (which vary according to the size) in response to both internal physiological processes and also external stimuli (i.e. escaping from predators, foraging). Downward movements have often been considered as passive behaviour, where the animal stops swimming and sinks. Acoustic Doppler current profiles have suggested the opposite: that M. norvegica, below 200 m of depth, increases its downward velocity with active movements (Tarling et al. 2001) .
The active movements of adult Meganyctiphanes norvegica may represent an adaptive behaviour, as they allow the species to maintain a stable population structure, while continuously being exposed to heterogeneous oceanic conditions (Buchholz et al. 1998 ). This aspect has to be taken into account when dealing with dispersal and gene flow of the northern krill, because active swimming could have an effect on the stability of the population's genetic structure at particular geographic locations, especially where self-sustaining populations of M. norvegica are known to occur (Mauchline & Fisher 1969) . While adults are capable of retaining location, larvae are dispersive agents. The fact that larvae are released from restricted geographic locations (i.e. the discrete regions occupied by adult populations) implies, however, that there are limits to the maximum geographic range of dispersion.
In the NW Atlantic, Meganyctiphanes norvegica is known to reproduce in the Gulf of St. Lawrence, in the Gulf of Maine and on the Scotian Shelf, although Herman et al. (1991) concluded that Scotian Shelf plankton biomass production is enriched by transport from the St. Lawrence Gulf (see Bucklin et al. 1997) (Fig. 1) . In contrast, in the Ligurian Sea, krill are consistently associated with a stable oceanographic front occurring off Nice (Cuzin-Roudy 2000) . In this area, M. norvegica plays an important trophic role as the main food source for the fin whale Balaenoptera physalus (Boucher & Thiriot 1972) , which exploits the night time upward migration of krill (Forcada et al. 1993) . Interestingly, this fin whale population seems to be stably resident in the Ligurian Sea and was shown to be genetically isolated (Bérubé et al. 1998 ). At least 2 other self-maintaining krill populations are well documented in the Baltic Sea: one in the Skagerrak Sea, which indirectly sustains the active cod and anchovy fishery, and a second in the Kattegat Sea, which is specifically associated with the Laesø Deep depression, where Baltic and Skagerrak waters mix together (Buchholz & Boysen-Ennen 1988, Fig. 1 ). Despite the strong Atlantic currents, M. norvegica also likely consists of a self-sustaining population in the Clyde Sea and in the Cadiz Bay, where southern currents may play a role in the transport of individuals from the Morocco coast (Mauchline 1980 .
Genetic investigations at the intra-specific level need to employ fast-evolving genes suitable to detect the sometimes subtle differences between populations. Mitochondrial DNA (mtDNA) is maternally inherited and has a faster mutation rate than the nuclear genome. For this reason it has been used for studying the population structure of many marine organisms including Meganyctiphanes norvegica. In this species cytochrome oxidase Subunit I (COI) and NADH dehydrogenase Subunit 1 (ND1) mitochondrial genes were successfully used as molecular markers (reviewed in .
This study builds upon 2 previous population genetic studies of this species by Bucklin et al. (1997) and . In the first study, mtDNA sequence variation revealed significant structuring of populations at trans-ocean basin scales. Bucklin et al. (1997) concluded that (1) genetic heterogeneity among samples reflected high levels of molecular genetic diversity, and perhaps, under-sampling of the population genetic 226 Fig. 1 . Meganyctiphanes norvegica sampling sites structure; (2) gene flow of Meganyctiphanes norvegica within the NW Atlantic was sufficient to prevent the formation of distinctive geographic populations, except in the case of the Gulf of St. Lawrence sample collected in 1994; and (3) genetic differentiation of the NW Atlantic and Norwegian fjord populations indicated highly restricted gene flow across the North Atlantic Ocean. also found significant genetic differentiation among populations investigated across the NE Atlantic and the Mediterranean Sea, and concluded that (1) a large portion of the total genetic variability was explained by differences between populations, indicating absence of panmixia for these populations; and (2) pairwise comparisons revealed 3 distinct gene pools, one represented by the Cadiz Bay population, the second by the Ligurian Sea population, and the third by the NE Atlantic samples.
The present work was aimed at building upon the findings of these previous papers and providing more detailed information on the genetic structure of the northern krill. In particular, this paper improves upon these earlier efforts by increasing the geographic focus to include a large portion of the species' natural range, and by increasing the spatial resolution of sampling. Our goal is to (1) extend our knowledge on the population structure of this species at a large geographic scale; and (2) test temporal stability of the previously reported population subdivision.
MATERIALS AND METHODS
Sampling and DNA extraction. A total of 982 individuals (23 population samples) of Meganyctiphanes norvegica were collected from different sites as shown in Table 1 and in Fig. 1 . A large part of these samples were collected as part of the EU funded research project 'PEP' (Impact of a Climatic Gradient on the Physiological Ecology of Pelagic Crustacean, www.obsvlfr.fr/PEP/.index.html) between 1995 and 1998. Krill were individually stored in vials containing 70% ethanol. DNA for PCR amplification was released using a Chelex protocol (Walsh et al. 1991 ) from a few mg of specimen.
DNA amplification, SSCP analysis and sequencing. A 155 bp fragment of the Subunit 1 of the ND1 mitochondrial gene was amplified in all specimens using the primers ND1af and ND1ar . Single-strand conformation polymorphism (SSCP) was assayed for all individuals as described in Ostellari et al. (1996) and . The SSCP protocol detects differences in DNA sequences. Due to their sequence, DNA fragments migrate through the polyacrilamide gel with a different mobility pattern, and each mobility variant can be associated with a specific haplotype. For sequencing purposes, a larger fragment was amplified using the primers ND1f and ND1ar (Zane et al. 1998 ). The fragment was purified using a 227 Correspondence between haplotype and mobility class as well as identification of rare or new haplotypes were checked through sequencing. In all cases, PCR fragments having the same electrophoretic mobility also showed the same sequence, confirming the 100% accuracy of the SSCP approach in discriminating haplotypes, at least for this PCR fragment and species.
Haplotype genealogy. The sequence information for ND1 was used to reconstruct genealogical relationships among haplotypes by a network, as implemented in the program T.C.S. 1.13 (T.C.S.: Phylogenetic network estimation using statistical parsimony), based on the parsimony method (Clement et al. 2000) . The network makes it possible to maintain different alternative connections between haplotypes. However, according to coalescent theory (Hudson 1990) , in a population at equilibrium, the ancestral and most frequent haplotypes generate the rarest. Consequently, we modified each network rejecting connections between rare haplotypes, considering them less probable (Bandelt et al. 1995) and for this reason not supported.
Population structure analysis. All population structure analyses were performed using Arlequin version 2.000 (Schneider et al. 2000) . Haplotype diversity (h) and nucleotide diversity (π) (Nei & Miller 1990) were calculated for each population. Overall genetic heterogeneity was tested using an analysis of molecular variance (AMOVA) approach (Excoffier et al. 1992) . This approach performs a standard analysis of variance, in which the total variance is partitioned in covariance components due to inter-individual differences, interpopulation differences, and differences between groups of populations. Covariance components are used to calculate fixation indices (F or Φ, see below) among groups of populations (indicated by subscript ct ), among populations within groups (sc ), or among populations (st ). Because AMOVA computed on the variance of gene frequencies is equivalent to a conventional F-statistic analysis sensu Cockerham (1969 Cockerham ( , 1973 , we will indicate the corresponding fixation indices as F st , F sc , and F st . Alternatively, AMOVA takes into account the number of mutations between haplotypes in the calculation of variance, in this case we will indicate fixation indices as Φ st , Φ sc and Φ ct .
Statistical significance was assessed by comparing the observed distribution with a 'random distribution' generated by a permutational approach (in this case with 10 000 permutations) in which individuals were randomly reallocated to each population. The same approach was applied to estimate the level of population genetic divergence, by calculating Φ st (or F st ) and the associated probability level for each pair of populations. Significance threshold values were adjusted with a sequential Bonferroni correction (Rice 1989) that corrects for sampling error associated with multiple tests in order to reduce the group-wide Type I error rate. The matrices of pairwise genetic distances (obtained from both the conventional F st and the Φ st ) were used to generate an unweighted pair-group method with arithmetic averages (UPGMA) dendrogram, which describes the relationships among populations, considering the rate of differentiation to be constant during the evolutionary history of each population.
Divergence time. We calculated the divergence time (τ) between differentiated gene pools following the approach of Gaggiotti & Excoffier (2000) implemented in Arlequin (Schneider et al. 2000) . This model assumes that populations have diverged from an ancestral population T generations in the past, and have remained isolated since then. The method estimates τ in generations, scaled by the mutation rate (μ), according to the formula τ = 2Tμ.
RESULTS
The SSCP technique resolved 35 different mobility classes among 982 individuals of Meganyctiphanes norvegica (Table 2 , GenBank accession numbers AF150612-AF150623 to AY850542-AY850564) corresponding to different haplotypes of a 155 bp segment of the ND1 mitochondrial gene. Two haplotypes (A and B) were present at high frequencies in all populations (Table 2) , representing 48 and 42% of the entire sample set, respectively. It is worth noting that, in the coalescent-based T.C.S. network (Fig. 2) , under the hypothesis of a stable population, A and B appeared as the ancestral haplotypes from which all others stemmed. With the exception of L and C (3 and 2%, respectively), most of the remaining haplotypes were not shared among all populations, they were scored only in 1 or few specimens, and each accounted for less than 1% of the total frequency. No evidence of haplotype geographic grouping was found, however populations showed clear differences in haplotypes frequencies. Overall haplotype diversity (h = 0.445 ± 0.0609) and nucleotide diversity (π = 0.005 ± 0.004) values were low to moderate; most of the 35 haplotypes differed by 1 or 2 mutations. Haplotype diversity, measured within populations ranged between h = 0.733 (St. Lawrence sample collected in 1993) and h = 0.124 (Cadiz Bay population, Table 2 ).
An AMOVA was first performed on temporal replicates from the same site, Clyde Sea (2 samples), Katte-gat Sea (4 samples), Ligurian Sea (2 samples), and Skagerrak Sea (3 samples). In all cases, almost all of the genetic variance was within samples, and all comparisons between sampling replicates displayed negative Φ st values. Therefore, samples collected at the same site in consecutive years were considered part of the same gene pool and grouped. Moreover, AMOVAs performed on NW Atlantic populations (4 samples) did not reveal differences, thus, in this case the samples were also pooled. On the basis of these results, the AMOVA was performed on a new dataset composed of 13 populations, Alboran Sea, NW Atlantic, Azores Islands, Cadiz Bay, Clyde Sea, Greenland, Gullmarn Fijord, Kattegat Sea, Ligurian Sea, Norwegian Sea, Rockall Trough, Skagerrak Sea, and NW Spain.
The Φ st value for the 13 populations considered all together showed that the hypothesis of panmixia should be rejected with high statistical significance (p < 0.00001), since a substantial percentage (11.82%) of genetic variation depends on population subdivision (Table 3A) . On the basis of this evidence we used AMOVAs in order to identify different gene pools among the investigated populations. For this purpose populations were grouped on the basis of the pairwise population compar-229 (Table 4 ). In fact, pairwise Φ st pointed out those samples deviating from panmixia; in particular the samples from Azores Island, Cadiz Bay, NW Spain and the Ligurian populations appeared to be the most divergent, as the majority of the Φ st values from these population displayed significant values (Table 4) . Accordingly, we subdivided the 13 populations into 3 groups, the 'southern' NE Atlantic (which includes Azores Island, Cadiz Bay and NW Spain), the Ligurian one, and a third group including the 9 remaining populations that were collected in the 'northern' NE Atlantic Ocean, in the NW Atlantic Ocean and in the Alboran Sea (see Table 1 ). The AMOVA analysis showed a very high Φ ct value indicating that a large part (about 21%) of the genetic variability is due to subdivision between groups (Table 3B) . However, further substructure among the 9 populations collected in the 'northern' NE Atlantic Ocean, the NW Atlantic Ocean and the Alboran Sea is evident by the Φ st value shown in Table 3C . When different subdivisions of this group of 9 populations were tested, the one that maximized the Φ ct value was the separation of the NW Atlantic population from the 'northern' NE Atlantic (Clyde Sea, Greenland, Gullmarn Fijord, Kattegat Sea, Norwegian Sea, Rockall Trough, Skagerrak Sea ) + the Alboran Sea populations (Table 3E) . Interestingly, the Alboran Sea population (collected in Mediterranean waters, but geographically very close to the Cadiz Bay sample) (Fig. 1 ) appeared genetically closer to the 'northern' NE Atlantic populations. Two other trends are evident upon examination of the Φ st pairwise matrix of Table 4 : (1) NW Atlantic samples showed Φ st positive values in all comparisons, and were often associated with significant or marginally significant p-values; weak differentiation was observed only between NW Atlantic and Alboran, Ligurian, Clyde and Norwegian samples; (2) positive Φ st values also resulted between several samples belonging to the 'northern' NE Atlantic region (i.e. Clyde vs. Greenland, Φ st = 0.032), whereas temporal replicates within the same sites showed negative Φ st value. These 2 observations show that there is an appreciable degree of divergence of the NW Atlantic sample, and a large genetic homogeneity of the temporal replicates.
In order to provide a graphical representation of relationships among the investigated samples, we used the pairwise AMOVA matrix to generate a dendrogram using the UPGMA algorithm (Nei & Kumar 2000) . The tree (Fig. 3) clearly supports the distinction of 3 major gene pools, the most divergent of which appears to be the 'southern' NE Atlantic group (Azores Islands + Cadiz Bay + NW Spain). Considering the other 2 major branches of the dendrogram, the grouping of Ligurian and NW Atlantic populations was quite unexpected. This result might be due to the presence of a few individuals carrying Haplotype C in both populations. Haplotype C was highly divergent (separated by 4 and 5 mutational steps) from the most frequent haplotypes, A and B, respectively (Fig. 2) . Considering the limited length of the sequence analysed, we cannot exclude that the Haplotype C shared by the 2 populations contains homoplasic information. To test this hypothesis, we compared the 13 populations using only Haplotypes A and B, pooling all others into a single category of rare haplotypes. In this case, the sequence information was not considered, and the F st is based on frequency information only. The pairwise matrix obtained from the conventional F st (not shown) was then used to generate a new UPGMA dendrogram (Fig. 4) . This new tree showed 4 major groups: (1) the highly divergent 'southern' NE Atlantic populations (with some degree of differentiation among the 3 samples); (2) the 'northern' NE Atlantic group, with all populations collected in this area being very closely related; (3) the NW Atlantic samples which were placed in this new tree as sister taxa to the 'northern' NE Atlantic populations, but clearly distinct from them (although the Alboran Sea sample appeared associated to the NW Atlantic one); and (4) the Ligurian population, which was placed in a well-separated branch of the tree.
We estimated the divergence time between the 3 Atlantic pools according to Gaggiotti & Excoffier (2000) assuming an average mutation rate of 0.88 to 230 and references therein). The Ligurian sample was not included in this analysis because of the genetic convergence with the NW sample. The results showed that the 2 most divergent groups ('southern' NE Atlantic and NW Atlantic) have been separated for a period ranging between 9.0 and 14.0 million yr, whereas the 'northern' NE Atlantic and NW Atlantic groups were separated most recently (0.6 to 1.0 million yr ago).
DISCUSSION
Genetic differentiation among populations of Meganyctiphanes norvegica was documented by previous investigations (Bucklin et al. 1997 . The present study was aimed at providing a more detailed picture of the genetic variability and differentiation among populations across almost the entire natural distribution area of the species. This was achieved by extending the dataset presented in both temporally and geographically.
Many studies have been carried out on marine species, but they have rarely assessed temporal stability of the intra-specific genetic structure. This work indicates that there is genetic homogeneity among temporal replicates (for up to 4 consecutive yr) in the Kattegat Sea (1995 ), Clyde Sea (1997 ), Skagerrak Sea (1996 ), and Ligurian Sea (1996 , 1997 . This finding is interesting if we consider that krill are planktonic organisms, supposedly subject to passive transport, which should prevent the formation of genetically isolated populations . Evidence of restricted gene flow in Meganyctiphanes norvegica clearly emerged from this work. This result is in line with previous studies (Bucklin et al. 1997 , although genetic homogeneity among populations of this species has also been reported (Sundt & Fevolden 1996) . The latter observation, however, regarded samples that were collected within a limited geographic range of the NE sector of the Atlantic Ocean, which might indeed belong to an homogeneous gene pool.
The present work covered a greater part of the natural distribution of the species, allowing a better definition of the northern krill's genetic structure. The AMOVA analysis significantly rejected the hypothesis of panmixia identifying differentiated gene pools that could be roughly separated into 3 major groups. Two of these are on the eastern side of the North Atlantic and are referred as 'northern' NE Atlantic (above 55°N) and 'southern' NE Atlantic (below 45°N). The third group was found in the Ligurian Sea and possibly represents a distinct Mediterranean gene pool. Such -genetic structure has been suggested by previous investigations , and is further supported by the extended sample set presented in this study. The existence of a 'southern' NE Atlantic population was initially proposed on the basis of the result obtained for the Cadiz Bay population . The addition of 2 new samples, from the Azores Islands and NW Spain, apparently belonging to the same gene pool, strongly supports this view. The high divergence of the 'southern' NE Atlantic populations was confirmed in the present analysis, although the origin of this southern gene pool is still unclear. In this regard, the possible occurrence of a source population off the Morocco coast was hypothesized, which could be advected by ocean currents flowing northward at depths of 200 to 400 m (Thiriot 1997 . Our findings also confirmed the genetic separation of the Ligurian population, which has been supported by independent ecological and physiological observations (Cuzin-Roudy 2000) . A large gene pool, homogeneous over time and space, appears to be composed of the 'northern' NE Atlantic populations, to which the Gullmarn Fijord, Greenland and Norwegian samples were added as new locations in this work. Only in 1 case did we observe differences within 'northern' NE Atlantic populations (i.e. Greenland vs. Clyde Sea), however this difference was not significant after sequential Bonferroni correction (p = 0.038). The 'northern' NE Atlantic samples probably belong to a stable breeding unit with high levels of gene flow, possibly promoted by the oceanographic features of the area, where mixing of water masses favours an extensive larval exchange, thus preventing population differentiation (Bowden 1975 .
An earlier study, carried out on Meganyctiphanes norvegica samples collected from the NW Atlantic and from a Norwegian fjord, revealed no major differences within NW Atlantic populations; there was however a significant degree of separation between them and the Norwegian sample (Bucklin et al. 1997) , suggesting the possibility of restricted gene flow between the NW and NE Atlantic provinces. We analysed some of the samples from Bucklin et al. (1997) in order to test whether the NW Atlantic populations constitute a separate breeding unit. The sequence analysed (the ND1 fragment), showed an unexpected convergence of the NW Atlantic samples with the Ligurian population. This was particularly evident in the UPGMA tree obtained from the Φ st pairwise matrix. A possible explanation for the apparent close affinity between the 2 samples is the limited length of the investigated sequence which might also contain homoplasic information. In particular, the presence in both groups of several individuals displaying Haplotype C might be in large part responsible for the closeness of the NW Atlantic and Ligurian samples; especially because Haplotype C is one of the most divergent types, with several mutational steps separating it from the 2 most frequent haplotypes, A and B (Fig. 2) . The presence of aberrant mitochondrial haplotypes has been noted previously for marine organisms. Bucklin & Kocher (1996) suggested that such haplotypes may be explained by under-sampling of the genetic diversity of extremely numerous organisms or by sampling patches of organisms transported from distant regions. We therefore decided to base the genetic comparisons among populations only on the frequency distribution of Haplotypes A and B, pooling all the others in a single category of 'rare haplotypes'. We generated a conventional F st matrix (thus not considering sequence information) with which we produced a new UPGMA tree (Fig. 4) which showed differences not revealed by the Φ st matrix. This tree showed a more convincing grouping, with the NW Atlantic samples placed as sister taxa to the 'northern' NE Atlantic gene pool, though clearly separated from it. The Alboran Sea population appeared more closely related to the NW Atlantic sample than to the Ligurian one, the latter is clearly a distinct population. The hydrographic and ecological features of the Alboran Sea are indeed more similar to the Atlantic Ocean than to the Mediterranean Sea (Estrada et al. 1985 , Kiortsis 1985 , thus, it is not surprising that the population collected in this area clusters with Atlantic samples. It was suggested that the transitional area between Atlantic and Mediterranean conditions is associated with the Oran-Almeria front, eastward to the Strait of Gibraltar (Bargelloni et al. 2003) . A pronounced step change in microsatellite allele frequencies was in fact reported for the cephalopod Sepia officinalis in association with the Oran-Almeria front (Perez-Losada et al. 2002) . It is however difficult to establish whether the Alboran population belongs to the 'northern' NE Atlantic or to the NW Atlantic pool as alternatively suggested by the tree topology of Figs. 3 and 4 respectively; although the first option appears more reasonable. Unexpected is the large genetic divergence between the Alboran and the Cadiz Bay samples given their geographic proximity. A more appropriate sampling in that area may provide more insight. The 'southern' NE Atlantic and 'northern' NE Atlantic populations were confirmed to be distinct gene pools using the conventional F st . The Norwegian population appeared well-placed within the NE Atlantic group; this was expected considering its geographic position and is also in keeping with earlier work by Bucklin et al. (1997) who identified the Norwegian pool as distinct from the NW Atlantic one.
In conclusion, the present data provide consistent evidence of the presence of at least 3 distinct gene pools across the North Atlantic Ocean, which are geographically separated and located in the NW, 'northern' NE and 'southern' NE Atlantic sectors. These genetically distinct groups appear to correspond to ocean basin-scale patterns of circulation, which partition the North Atlantic into 3 gyres, and may effectively isolate the entrained ecosystems and populations. A 4th gene pool is clearly associated with the Ligurian samples, suggesting the existence of a separate Mediterranean population. This possibility is not surprising and seems in line with similar observations on other marine organisms for which an Atlantic/ Mediterranean separation was reported at the intraspecific level (Bargelloni et al. 2003 and references therein) . The population subdivision across the North Atlantic Ocean may be explained by major ocean currents and gyres, which may represent a limitation to the gene flow and favour population structuring at such large geographic scales (see e.g. Aksnes & Blindheim 1996, Bucklin et al. 2000) . However, the northern krill present-day structure must have been established over a geological time scale since the separation between the Atlantic pools ranges from a minimum of 0.6 to a maximum of 14 million yr ago. Though these must be considered indicative estimates, they imply that the limitation to the gene flow (by barrier such as oceanic gyres) must have been effective over the last million years. Not only passive transport (dependent on marine circulation) but also active movement of individuals can help to maintain stable population differentiation on local scales. Krill seem to be able to counteract advection and stay in ecologically favourable water masses by active swimming and by exploiting different current velocities and directions at different depths (Sundt & Fevolden 1996) . The negative Φ st values observed between temporal replicates at the same sampling site seem to support this view, as it suggests an extremely high genetic stability of the populations over time. Further investigations aimed at providing a fine-scale picture of the population structure of this ecologically important krill species are currently in progress. By employing highly polymorphic molecular markers such as microsatellite DNA it should be possible to define, in more detail, the boundaries among Atlantic (and eventually Mediterranean) provinces, and possibly provide additional evidence for the relevant role of oceanic currents in shaping the population structure of marine species.
